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Overview 

Several  strategies  for  surface  patterning  from  photolithography  to  block  copolymer  self- 
assembly  have  been  developed  over  the  last  several  decades.  Although  these 
strategies  are  robust,  many  current  and  future  applications  will  be  enhanced 
significantly  by  the  incorporation  of  surface  patterns  that  adapt  to  their  environment  or 
change  upon  command.  This  project  focused  on  the  fabrication  and  characterization  of 
such  surfaces,  which  will  be  used  as  "smart"  coatings  that  dynamically  alter  surface 
properties,  advanced  optical  devices,  and/or  sensors.  Our  primary  strategy  was  based 
on  the  development  of  polymer  surfaces  with  controlled  shell  structures  that  transition 
via  snap-through  or  crumpling  elastic  instabilities  upon  the  application  of  a  trigger. 
During  this  final  reporting  period,  we  have  focused  on  three  primary  aspects  of  these 
responsive  surface-attached  shells:  1)  the  dynamics  of  snap;  2)  the  adhesion  of 
crumpling  surface  structures;  and  3)  the  crumpling  of  ultrathin  polymer  films  for  the 
fabrication  of  sub-micron  surface  patterns. 

Dynamics  of  Snapping  Surfaces 

We  have  previously  presented  surfaces  with  microstructures  that  change  topography 
over  a  very  large  lateral  length  scale  and  very  short  timescale  by  transitioning  through  a 
snap-buckling  elastic  instability.  From  the  continuum  mechanics  of  shell  structures,  it  is 
known  that  at  a  critical  applied  stress  an  elastic  instability  will  occur,  similar  to  the  Euler 
buckling  of  a  beam.  A  complete  description  of  the  shell  mechanics  for  the  snap-through 
instability  has  not  yet  been  accomplished.  Therefore,  further  understanding  of  the 
balance  between  material  properties  and  geometry  to  the  critical  stress  is  necessary  to 
properly  tune  and  design  snapping  surfaces.  To  study  this  phenomenon,  we  are 
controlled  the  internally  applied  pressure  of  an  individual  shell  and  measured  the  snap- 
through  process  optically  (Figure  1).  Internal  pressure  variation  is  advantageous 
because  it  is  a  reversible  trigger  and  can  be  applied  at  various  rates  to  determine  the 
sensitivity  of  the  elastic  instability.  The  materials  system  consists  of  PDMS  shells  on  a 
PDMS  substrate  and  the  shell  thickness,  t,  radius,  a,  and  applied  strain  were  varied  to 
determine  the  impact  of  geometry  on  the  critical  snap-through  stress.  These 
experiments  allow  us  to  determine  the  effect  of  geometry  on  the  critical  stress  and 
sensitivity  of  these  surfaces,  which  is  essential  for  the  development  of  the  next 
generation  of  responsive  materials. 
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Figure  1  a.  A  schematic  of  the  applied  pressure  and  pressure  sensor  used  to  trigger  the 
snap-through  instability  that  is  observed  optically,  b.  Optical  micrographs  of  the  snap- 
through  of  an  individual  shell  at  a  critical  applied  stress.  Time  difference  between  top 
and  bottom  images  is  265ms. 


Adhesion  of  Crumpling  Surface  Features 

As  reported  in  the  interim  report  in  2007,  an  alternative  approach  for  inducing 
responsive  pattern  transformations  is  the  use  of  secondary  bifurcation  events  in 
surface-attached  shells.  We  refer  to  these  transitions  as  the  initial  stages  of  crumpling. 
Structures  that  demonstrate  these  concepts  are  fabricated  by  placing  a  patterned 
PDMS  substrate  under  equibiaxial  strain  through  inflation  and  then  bonding  a  capping 
layer  to  the  patterned  depressions.  Upon  release  of  the  equibiaxial  strain,  the  capping 
layer  buckles  above  each  of  the  patterned  depressions  to  create  a  surface  array  of  shell 
structures,  whose  geometry  is  dictated  by  the  magnitude  of  applied  processing  strain. 
Higher  strains  lead  to  the  generation  of  higher  aspect  ratio  features.  (Figure  3)  By 
changing  strain  through  environmental  triggers,  the  microstructures  can  dynamically 
change  their  shape. 


Strain  (%) 

Figure  2.  Top:  Optical  micrographs  of  fabricated  shell  structures.  Bottom:  Confocal 
microscope  images  of  individual  buckled  shells,  demonstrating  change  in  feature 
geometry  as  a  function  of  applied  processing  strain. 
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These  transformations  of  secondary  bifurcation  provide  a  fast,  robust,  and  sensitive 
approach  for  creating  coatings  that  can  dynamically  alter  their  adhesion.  To 
quantitatively  measure  the  change  in  adhesion  as  a  function  of  crumpled  shell 
geometry,  we  have  used  contact  mechanics-based  adhesion  measurements  on  custom- 
built  instrumentation  to  quantify  the  force-displacement-contact  area  relationship  during 
contact  and  separation.  Figure  4  shows  the  change  in  the  maximum  separation  stress 
as  a  function  of  processing  strain,  which  correspond  to  the  interfacial  area  changes 
shown  in  the  accompanying  images.  As  measured,  the  dynamic  response  of  these 
surface-attached  shell  features  provides  a  mechanism  for  altering  the  separation  stress 
of  an  elastomer/glass  interface  by  nearly  three  orders  of  magnitude.  This  change  in 
adhesion  is  significant  and  can  be  applied  to  variety  of  applications,  including  anti¬ 
fouling  coatings. 
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Figure  3.  Maximum  separation  stress,  or  adhesion  strength,  for  polydimethylsiloxane 
surface-attached  shell  structures  separating  from  a  flat,  fused  silica  cylindrical  punch  at 
a  controlled  velocity.  Strain  refers  to  fabrication  strain,  which  alters  the  morphology  of 
surface-attached  shell  structures  as  shown  in  images.  Images  of  maximum  contact 
area  between  shell  structures  and  fused  silica  surface  are  shown  in  bottom  row. 
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In  a  related  effort  during  this  final  reporting  period,  we  conducted  a  simple  experiment  to 
demonstrate  the  potential  for  snapping  surface  transitions  as  effective  coating  release 
mechanisms.  The  experiment  consisted  of  applying  a  thin  coating  of  a  poly(methyl 
methacrylate)  (PMMA)  latex,  i.e.  paint,  on  a  surface  of  concave  shell  structures.  After 
drying,  the  shell  structures  were  snapped  from  concave  to  convex  structures  triggered 
by  a  change  in  the  relative  air  pressure.  This  transition  caused  the  shell  structures  to 
induce  extensive  fracturing  in  the  latex  coating,  which  could  subsequently  be  removed 
in  a  straightforward  manner.  This  simple  demonstration  is  confirmation  of  one  of  the 
initial  application  ideas  that  was  proposed  in  the  original  project  proposal. 


Figure  4.  SEM  micrograph  of  fractured  PMMA  latex  film  on  surface  of  PDMS  shell, 
which  transitioned  from  concave  to  convex  upon  triggering.  Demonstrates  concept  of 
on-command  release  of  protective  coatings,  such  as  paint. 

Crumpled  Thin  Films 

Most  recently,  our  efforts  have  focused  on  developing  and  investigating  sub-micron 
responsive  structures.  Our  initial  work  has  focused  on  the  crumpling  and  folding  of  a 
sub-micron  polymer  film  that  delaminates  from  a  rigid  substrate.  Consider  a  thin, 
unstrained  film  of  polystyrene  attached  to  a  strained  silicon  substrate.  Upon  releasing 
the  strain  in  the  substrate,  the  polystyrene  film  delaminates  at  localized  regions  as 
dictated  by  the  balance  of  mechanical  strain  energy  and  adhesion  strength  of  the 
polystyrene-silicon  interface.  In  the  delaminated  regions,  the  polystyrene  film  localizes 
its  strain  energy  into  sharp  curvatures,  or  folds.  The  sharp  structure  of  crumpling 
occurs  because  of  the  film’s  preference  to  bend  instead  of  stretch.  The  lack  of 
stretching  causes  the  film  to  respond  to  an  applied  force  by  making  deformations 
confined  to  small  regions  of  the  film.  The  result  is  that  strain  is  localized  at  a  ridge  of 
bent  material  that  makes  up  the  crumpled  surface  (Figure  1).  To  fabricate  these  folds 
in  polymer  thin  films,  we  use  the  uniaxial  compression  of  an  elastic  substrate.  The 
substrate  is  either  crossl inked  polydimethylsiloxane  (PDMS)  or  a  silicon  wafer,  and  the 
thin  polymer  film  is  polystyrene  (PS),  though  the  process  could  be  extended  to  a  variety 
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of  materials.  The  PDMS  substrate  is  exposed  to  ultraviolet  light  in  the  presence  of 
ozone  (UVO)  which  creates  a  SiOx  layer  on  the  surface  (PDMS-U),  and  decreases  the 

adhesion  between  the  PS  and  the  substrate.  The  substrate  is  placed  in  uniaxial  tension 
and  brought  into  contact  with  a  floating  PS  film.  The  release  of  the  substrate  generates 
a  uniaxial  compressive  stress,  and  upon  exceeding  a  critical  value,  the  PS  film 
delaminates  from  the  substrate  surface.  (Figure  5).  We've  demonstrated  folding  of 
films  down  to  5nm  in  thickness  with  aspect  ratios  (height/width)  near  unity,  lateral 
dimensions  of  -100  nm,  and  lengths  of  several  microns.  The  width  of  these  structures 
can  be  tuned  by  varying  either  the  film  thickness  or  applied  strain  (Figure  5).  Features 
on  these  length  scales  provide  fresh  opportunities  for  developing  responsive  structures 
on  sub-micron  length  scales  in  a  scalable,  robust  manner. 


Thickness  (nm) 


Figure  5  A  schematic  showing  the  fabrication  process:  a.  the  attachment  of  a  thin  polymer  film  to  a 
bent  silicon  wafer,  b.  The  resultant  crumpled  surface  upon  release  of  the  compressed  wafer,  c. 

An  AFM  micrograph  of  polystyrene  folds  aligned  perpendicular  to  the  applied  uniaxial  compressive 
stress,  d.  A  plot  of  fold  width  vs.  film  thickness,  showing  preliminary  data  that  allows  us  to  predict 
feature  width. 

Impact  through  Publications  and  Presentations 

In  addition  to  the  three  papers  related  to  this  project  published  in  significant  peer-review  journals, 
we  are  currently  preparing  three  manuscripts  to  publish  the  results  of  each  of  the  three  focused 
initiatives  of  this  past  funding  period.  Several  presentations  on  this  research  also  have  been 
delivered  at  national  and  international  symposia,  a  full  patent  for  the  developed  technology  has 
been  filed,  companies  and  private  investors  have  expressed  interest  in  this  technology,  and  the 
research  has  received  numerous  highlights  in  the  national  and  local  media. 
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